We measured the temperature dependence of electrical resistance (R) and thermopower (S) of Cs 8 Zn 4 Sn 42 under high pressure up to 1.2 GPa. Both R and |S| at room temperature increased with pressure. We observed gap widening, irreversible |S| increasing under high pressure, which were similar to the behaviors of Cs 8 Sn 44 . However, the relaxation effect of R for Cs 8 Zn 4 Sn 42 was negligible in contrast with that of Cs 8 Sn 44 . We found that the power factor S 2 σ (σ: electrical conductivity) near room temperature decreased linearly with pressure. The results suggest that the defects in different forms played an important role in transport properties for tin clathrates under high pressure.
INTRODUCTION
There were great efforts to find the thermoelectric materials with better performance in the past decades [1] [2] [3] . In the systems that convert heat energy into electric energy (Seebeck effect) or vice versa (Peltier effect), the efficiency is determined by a dimensionless thermoelectric figure of merit ZT = S 2 σ κ T (κ: thermal conductivity, T : temperature). Compounds of group IV elements that form into clathrate-type structures possess high Seebeck coefficient and electrical conductivity while their thermal conductivity values are low [4] , which are good candidates for "electron crystal, phonon glass" (ECPG) [5] . This has stimulated much research interest in these compounds as potential materials for thermoelectric applications [6] [7] [8] . Transport properties [9] , compressibility, phase transformations [10, 11] and band structure calculations [12] were studied for Si clathrates under high pressure. Thermopower at room temperature for Ge clathrates were reported to increase almost twice under non-hydrostatic pressure up to 7 GPa [13] . Transport properties of Sn clathrates were reported before [4, 14] . Temperature dependence of thermoelectric properties of Cs 8 Sn 44 were measured under hydrostatic pressure up to 1.2 GPa [15] . The band gap of Cs 8 Sn 44 was reported to increase under pressure, and the location of the vacancy sites was proposed to change after application of high pressure [15] . To compare the result, we measured the sample Cs 8 Zn 4 Sn 42 and observed a similar irreversible effect on S. The results confirmed a generalized defect picture in Cs 8 A n Sn 46−n , where A = Zn or vacancy.
EXPERIMENTAL DETAILS
The samples were made using powder metallurgy techniques [14, 16] . Briefly, stoichiometric amounts of the the constituent material were reacted at high temperatures (550
• C) in an inert atmosphere. The resulting crystals were ground into a fine powder and the structural properties were measured by x-ray and neutron diffraction. For transport measurements, the powders were hot pressed inside a graphite die at 380
• C and approximately 0.15 GPa for 2.5 hours in an argon atmosphere. This pressure was much lower than the maximum pressure we applied to the samples when doing the transport measurements.
The hydrostatic pressure was generated inside a Teflon cup housed in a Be-Cu high pressure clamp [17] . The 3M Fluorinert was used as the pressure medium in order to get highly hydrostatic pressure. The pressure was calculated by the force over area at room temperature. Our previous experiments used superconducting Pb as a manometer to measure pressure near liquid helium temperature and demonstrated that the pressure obtained using this method is within 10% throughout the temperature range 4 K to 300 K [18] .
The resistance was measured using dc four-probe method. The resistivity were calculated using the geometrical factors at ambient pressure. The Seebeck coefficient under high pressure was measured using a very low frequency ac two-heater method [19] . Two surface mount resistors were driven by sinusoid currents that differ in phase by π/2. The amplitude of the currents can be adjusted to minimize the ac component of the base temperature fluctuation (T ). The ratio (δT /T ) of ac temperature gradient (δT ) versus the base temperature fluctuation was monitored to ensure the correct and precise S from ac measurements [19] . Two pairs of T-type thermocouples were attached to the sample directly using pure indium and three independent signals were measured simultaneously to solve for the base temperature, temperature gradient and the Seebeck coefficient. The copper leads of the T-type thermocouples were calibrated relative to Pb using data from Roberts [20] . Our Teflon cell is about 3 mm in diameter and 7 mm long, thus the sample size can be much larger than that could be measured in an anvil cell and ensures precise result together with other careful considerations. Even with the surrounding of fairly good thermally conducting pressure medium, the measured Seebeck coefficient is in good agreement with that was measured outside of the pressure cell. The small pressure effect on thermocouples were also considered and corrected.
RESULTS AND DISCUSSION
Unlike Cs 8 Sn 44 , which showed a very narrow region of positive slope of R-T curve near room temperature, Cs 8 Zn 4 Sn 42 showed typical semiconducting behavior throughout our measured temperature range 77 K to 300 K. Figure 1 shows R in logarithm scale versus 1000/T . The sample was first measured at ambient pressure (curve A in Figure 1 ). The logR versus 1/T curve was linear from 77 K to 300 K and the energy gap E g extracted this way was 20.6 meV. After that, the pressure was increased to 0.30 GPa (B), 0.60 GPa (C), 0.90 GPa (D) and 1.20 GPa (E) then decreased to 0.35 GPa (F) and ambient pressure (G). For resistance at 1.20 GPa, only data near room temperature was measured and the R-T curve was not available. Although the temperature range for linear logR-1/T behavior slowly reduced with pressure, the resistance could still be characterized by a well defined energy gap E g from T = 150 K to 300 K. Similar to Cs 8 Sn 44 , both the resistance and E g increased with pressure. E g was 20.6 meV, 27.9 meV, 42.6 meV, 56.1 meV, 32.1 meV and 23.2 meV for A, B, C, D, F and G respectively (Table 1) . We noticed that E g at ambient pressure slightly increased after the complete process. We tried to study the relaxation effect of Cs 8 Zn 4 Sn 42 , which is the resistance relaxation versus time right after change of the eyes. Similar to the results for Cs 8 Sn 44 , S was not reversible after the pressure cycle and |S| increased after the pressure was applied and then released. However, the shape of S-T curves for Cs 8 Zn 4 Sn 42 are different than Cs 8 Sn 44 . By no means the approximation to a simple degenerate electron gas,
was satisfactory for Cs 8 Zn 4 Sn 42 . Instead, a purely empirical equation,
gave surprisingly good fit to the data under different pressure. Lack of theoretical explanations, this empirical equation may still help understanding the physics of the thermoelectric power due to its nearly perfect fit. We listed the data in Table 1 for comparison with E g . It turned out that when the pressure increased, E g increased while k B T decreased in general, except increasing from 0.60 GPa to 0.90 GPa. We also noted that Equation 2 was less perfect for P = 0.90 GPa. The power factor S 2 σ for Cs 8 Zn 4 Sn 42 was plotted against temperature for the above mentioned pressures in Figure 3 . σ was calculated using the geometrical factors at ambient pressure. S 2 σ decreased almost linearly near room temperature, thus pressure would not benefit the thermoelectric applications using Cs 8 Zn 4 Sn 42 without magic suppression of the lattice thermal conductivity under high pressure, which is unlikely to happen. Sn 42 , A is Zn and n = 4. However, the numbers of defects per unit cell are different for these two materials and the nature of the defects is also different. Typically there are three crystallographic sites named for Sn 46 as 6c, 16i and 24k sites respectively [14, 16] . Nolas et al [16] have shown that the two intrinsic vacancies for Cs 8 Sn 44 are at 6c site and Dong et al [21] showed from band structure calculations that there might be two favorable configurations for local energy minimum, namely, placing the two vacancies on 6c sites that are on the same hexagonal surface or different hexagonal surfaces. We proposed that, under high pressure, it was possible that the vacancy changes from one 6c site to another site [15] . There were several similar features between Cs 8 Sn 44 and Cs 8 Zn 4 Sn 42 under/after high pressure: |S| increasing under high pressure and irreversible after high pressure, reversible gap widening. These can all be well explained by the similarity between their crystallography structures and the general picture of the defects. We also observed different relaxation effects of R, which can be understood by the factor that it is much more difficult to move Zn atoms from one Sn site to another in Cs 8 Zn 4 Sn 42 than it is to move vacancies around in Cs 8 Sn 44 .
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CONCLUSIONS
We conducted measurements of both electrical resistance (R) and thermoelectric power (S) for Cs 8 Zn 4 Sn 42 under hydrostatic pressure up to 1.2 GPa. Both R and |S| at room temperature increased with pressure. We observed gap widening, irreversible |S| increasing under high pressure. These similarities between Cs 8 Zn 4 Sn 42 and Cs 8 Sn 44 under/after pressure can be explained by the similarity between their crystallography structures and the similar effect of their defects. The suppression of relaxation effect of R after applying pressure for Cs 8 Zn 4 Sn 42 further supports the special role of the vacancies played in Cs 8 Sn 44 under high pressure. The power factor decreased with increasing pressure. Furthermore, we found a simple empirical equation that described the S-T dependence extremely well under different pressure.
